Suppression of gas entrainment (GE) phenomena caused by free surface vortices are very important to establish an economically superior design of the sodium-cooled fast reactor in Japan (JSFR). However, due to the non-linearity and/or locality of the GE phenomena, it is not easy to evaluate the occurrences of the GE phenomena accurately. In other words, the onset condition of the GE phenomena in the JSFR is not predicted easily based on scaled-model and/or partial-model experiments. Therefore, the authors are developing a CFD-based evaluation method in which the non-linearity and locality of the GE phenomena can be considered. In the evaluation method, macroscopic vortex parameters, e.g. circulation, are determined by three-dimensional CFD and then, GE-related parameters, e.g. gas core (GC) length, are calculated by using the Burgers vortex model. This procedure is efficient to evaluate the GE phenomena in the JSFR. However, it is well known that the Burgers vortex model tends to overestimate the GC length due to the lack of considerations on some physical mechanisms. Therefore, in this study, the authors develop a turbulent vortex model to evaluate the GE phenomena more accurately. Then, the improved GE evaluation method with the turbulent viscosity model is validated by analyzing the GC lengths observed in a simple experiment. The evaluation results show that the GC lengths analyzed by the improved method are shorter in comparison to the original method, and give better agreement with the experimental data.
Introduction
To establish an economically superior design of the JSFR (1) , some thermal-hydraulics issues in an upper plenum region (located in the upper part of the core region), e.g. thermal striping phenomena, have to be examined. One of the issues is the cover gas entrainment caused by a free surface vortex at a cover gas-coolant interface. When a number of bubbles are entrained into the coolant flow and carried to the reactor core, void reactivity effects may induce power fluctuation. To prevent this core power disturbance, the GE phenomena in JSFR must be suppressed to an acceptable level for stable operation of JSFR. However, due to the non-linearity and/or locality of the GE phenomena, it is not easy to evaluate the occurrences of the GE phenomena accurately. In fact, the GE phenomena in the JSFR are highly influenced by geometrical configurations of component structures, e.g., hot leg or cold leg pipes. Therefore, it is difficult to predict the onset condition of the GE phenomena in the JSFR based on scaled-model and/or partial-model experiments. To address the non-linearity and locality, there are two ways. One is a full-scale experiment by which the GE phenomena can be evaluated with high reliability. Such an experiment used to be employed, however, it is difficult recently to conduct a full-scale experiment due to its very high construction and running costs. The other way is a numerical evaluation. A three-dimensional CFD can consider the non-linearity and locality of the GE phenomena and therefore, the CFD can be a reliable GE evaluation method. In fact, the authors developed a high-precision numerical simulation algorithm for gas-liquid two-phase flows and confirmed that the GE phenomena in a simple experiment can be reproduced by the CFD (2) . However, such a two-phase flow simulation needs very high computational costs and a simpler method is also necessary to evaluate the GE occurrences roughly with lower computational costs. The authors have been studied a GE evaluation method which consists of the three-dimensional CFD and a vortex model. In this evaluation method, first, a CFD is performed on a practical mesh arrangement without considering free surface deformation. Then, the Burgers vortex model (3) is employed to compensate for the incompletely resolved CFD result, i.e. the velocity distribution of a free surface vortex. From the compensated velocity distribution, GE-related parameters such as a gas core (GC) length are calculated and the possibility of the GE onset is evaluated. This CFD-based GE evaluation method (4) can consider the non-linearity and locality of the GE phenomena by the CFD but computational costs are much lower than full-resolved CFD with a free surface modeling. Therefore, this evaluation method is suitable to check the GE occurrences in the JSFR. However, some physical mechanisms are neglected for simplification in the original Burgers vortex model and therefore, the GC length tends to be overestimated. For example, surface tension effects can make the evaluated GC length shorter. In addition, it is known that the GC length becomes shorter in turbulent flows in which a turbulent viscosity provides significant effects on a free surface vortex. These effects cannot be considered in the original Burgers model in which only a molecular viscosity is taken to account. Namely, the effect of the turbulent viscosity should be considered to evaluate the GC length accurately.
In this paper, a turbulent viscosity model is developed based on two kinds of unsteady vortex behaviors. One is the turbulence production caused by a strong circumferential velocity gradient in radial direction, where the turbulent viscosity can be modeled to be proportional to the circulation of a vortex. The other is the vortex deformation caused by a translational flow. In this case, the turbulence production can be considered proportional to the shear strength of the flow. Therefore, the turbulent viscosity can be modeled to be proportional to the dot product of a specific vortex length and the translational velocity magnitude. The proportionality coefficients in the model are determined by the comparisons of the evaluation results and the basic experimental data. Finally, the improved GE evaluation method with the turbulent viscosity model is validated by analyzing the gas core lengths observed in a simple experiment.
General Description of CFD-based GE Evaluation Method

Basic Concepts
In the CFD-based GE evaluation method, first, a transient CFD of vortical flows is performed on a relatively coarse mesh to reduce the computational cost. For the same reason, an interfacial model is not employed and a gas-liquid interface is modeled as a free-slip wall in the transient CFD. These simplifications are necessary for efficient GE evaluations, however, free surface vortices are not reproduced completely in the CFD result. Therefore, a theoretical flow model has to be applied to the CFD result to compensate for the mesh coarseness at the vortex regions. In our CFD-based evaluation method, the Burgers vortex model is employed to determine the vortical velocity distribution based on model parameters, i.e. circulation or downward velocity gradient, which are calculated from the CFD result. Therefore, the key to the GE evaluation is an accurate and efficient calculation of the model parameters from the CFD result.
Here, the Burgers vortex model is represented as an exact solution of the axisymmetric Navier-Stokes (N-S) equation:
where r, θ and z shows the coordinate axes, and u r , u θ and u z are the velocity components for each axis. h ∞ is the standard interfacial height and the specific radius r 0 is related to the dynamic viscosity ν ( 0 2 r ν α = ). Therefore, the model parameters in the Burgers vortex model are the circulation Γ ∞ and the downward velocity gradient α. The circulation of a free surface vortex is calculated by using the velocity distribution from the CFD result such as
where u is the velocity vector on a gas-liquid interface. As shown in Fig. 1 , the integral path C is determined as the isoline of the second invariant of a velocity gradient tensor around a free surface vortex, and ds is the vector element along the isoline. The second invariant is also employed to judge strengths of a free surface vortex. On the other hand, the downward velocity gradient is calculated on the isoline as
where C n is the unit normal to the isoline and A is the area of the inner isoline region (the region surrounded by the isoline). Eq. 5 is the averaged downward velocity gradient in the inner region, which is calculated as the averaged horizontal inlet flow rate into the inner region. Then, by using these two model parameters, the GC length can be calculated as
where L gc is the GC length, g is the gravitational acceleration. In this way, the GC length can be calculated from CFD result. To see the validity of the CFD-based GE evaluation method, the GC lengths were evaluated and compared to several experimental data, and the evaluated values agreed roughly with the experimental data. In addition, the CFD-based GE evaluation method provided the onset condition of the GE in the 1/1.8 scale partial model of JSFR (5) , which corresponds to that in the test data (6) . Namely, the CFD-based GE evaluation was conducted under two conditions; one is the GE condition under which the GE occurs in the experiment and the other is the non-GE condition under which no GE is observed in the experiment.
The evaluation results agreed with the experimental data under both conditions. Therefore, it was confirmed that the CFD-based GE evaluation method could be used as a design tool for JSFR. Fig. 1 Typical second invariant distribution around free surface vortex and integral path (isoline of second invariant)
Surface Tension Model
Though the Burgers vortex model is useful for the GE evaluation, some physical mechanisms are neglected for simplification in the Burgers vortex model and therefore, the GC length tends to be overestimated. For example, surface tension effects can make the evaluated GC length shorter. Therefore, the surface tension model is necessary for an accurate evaluation of the GC length. The authors developed the surface tension model and improved the Burgers vortex model (7) . The surface tension model is derived from the mechanical balance equation between gravitational, centrifugal and surface tension forces. As a result, the GC length is calculated as
where σ is the surface tension coefficient and f(Fr, We) is a function of the Froude and Weber numbers. In comparison with Eq. 6, it is evident that the second term in the right-hand-side of Eq. 7 shows the effect of the surface tension which makes the GC length shorter than that evaluated by the original Burgers model. The CFD-based GE evaluation method with the surface tension model was applied to a quasi-steady vortex experiment in a cylindrical tank (8) . The evaluation results showed that the GC lengths became shorter and gave better agreement with the experimental data relative to the CFD-based GE prediction method without the surface tension model. In addition, the experimental data under different temperature and surfactant concentration conditions were well reproduced only by using the surface tension model.
Development of Turbulent Vortex Model
Concept of Model
Similar to the surface tension, it is known that the turbulence can make the GC length shorter when a turbulent viscosity provides significant effects on a free surface vortex. These effects can not be considered in the original Burgers model in which only a molecular viscosity is taken to account. Namely, the effect of the turbulent viscosity should be considered to evaluate the GC length accurately. Therefore, the authors develop the turbulent vortex model in which the turbulent viscosity provides a significant effect on the GC length.
In the first stage, it is assumed that the turbulent viscosity works as a disturbance to a (laminar) free surface vortex. In this sense, the turbulent viscosity ν t is modeled as (9) where u trans is the translation velocity of the free surface vortex. The determination of the proportionality coefficients c 1 and c 2 is described in the next section. In Eq. 8, it is evident that the turbulent viscosity is formulated based on two kinds of unsteady vortex behaviors. The first term in the right-hand-side shows the turbulence effect caused by a strong circulating flow, where the turbulent viscosity can be modeled to be proportional to the circulation of a free surface vortex. The other (second term) is the vortex deformation effect caused by the translational flow. In this case, the turbulent viscosity can be modeled by the specific vortex length and the translational velocity.
In consideration of the turbulent viscosity, the GC length is calculated based on the effective viscosity which consists of the molecular and turbulent viscosities. Therefore, the evaluated GC length with the turbulent vortex model (L' gc ) becomes shorter than that evaluated by the original Burgers vortex model (L gc ):
Moreover, when the surface tension model is employed, the GC length is calculated as
Here, it should be mentioned the assumption of the vortex radius definition. It is evident that the distance between a vortex center and the isoline with zero second invariant value is a specific radius of each vortex and the other definition (l r ') can be represented as 3 .
where c 3 is the same proportionality coefficient for all vortices. Here, from Eqs. 8 and 9, the turbulent viscosity changes in proportion to c 2 l r which is rewritten as (c 2 /c 3 )l r '. Therefore, even if one employ l r ' instead of l r , Eq. 8 remains in the same shape by replacing (c 2 /c 3 ) with c 2 . In this case, the determination of c 2 is important but the determination of c 3 is not necessary.
Determination of Coefficient
In Eq. 8, two proportionality coefficients have to be determined to calculate the turbulent viscosity. In the turbulent vortex model, the coefficient for the circulation (c 1 ) is determined in reference to a similar study by Odgaard (9) . Namely, the coefficient is 10 -5 so that the evaluated GC length well agrees with the experimental data on a quasi-steady vortex in a cylindrical tank. On the other hand, the coefficient for the vortex deformation (c 2 ) is determined by comparing the evaluated GC length to the experimental data on a free surface vortex with a turbulent flow (10) . In the experiment, a free surface vortex is formed in a cylindrical tank with the diameter of 0.30 m and the liquid height of 0.67 m. On the tank wall, vertical vanes are installed and water (working fluid) flows into the tank passing through the vanes. Therefore, the circulation of the free surface vortex can be changed with the vane angle in this experimental system. The disturbance flow is generated by a nozzle installed just below a air-water interface. From the nozzle, a horizontal jet flow is emitted towards the free surface vortex to disturb the circulating flow around the vortex center. As an experimental result, the relationship between the disturbance flow velocity (u dis ) and the GC length is obtained. In this study, it is assumed that the disturbance flow velocity is equivalent to the translation velocity of the free surface vortex, and the GC length is evaluated with the turbulent viscosity model. Figure 2 
Evaluation of GE Phenomena in Simple Experiment
Brief Description of Simple Experiment
To see the validity of the CFD-based GE evaluation method with the surface tension and turbulent vortex models, a simple GE experiment (11) is evaluated. Figure 3 shows the schematic view of the experimental apparatus which consists of a rectangular channel with the width of 0.10 m and a suction nozzle with the diameter of 0.05 m. The vertical suction nozzle is installed at the center of the rectangular channel. The suction mouth is located at the height of 0.10 m from the bottom of the channel and the free surface is located at the height of 0.10 m from the suction mouth. The rectangular channel is partitioned into two parts by two vertical plates except for the central region with the length of 0.30 m. An inlet and an outlet are located on each end of the lower part (in Fig. 3(b) ). Both ends of the other part (upper part in Fig. 3(b) ) are closed by solid walls. Therefore, when the inlet flow comes to the central region, a shear flow is generated between two parts. Such a shear flow accumulates near the suction nozzle and becomes a free surface vortex by interacting with a suction flow. The core of this free surface vortex reaches the free surface from the suction mouth, and on the contrary, the GC is elongated from the free surface towards the suction mouth along the vortex core. When the GC is highly elongated, a gas bubble flows into the suction nozzle (the occurrence of the GE). The window is installed to observe the GE. In the experiment, the mean inlet velocity V out and the mean suction velocity V d are changed as the experimental parameters.
To investigate the effect of physical properties on the GE behaviors, water and sodium are employed as the working fluids. It is well known that sodium has smaller dynamic viscosity and larger surface tension coefficient than those in water. In the experiment, the GE behaviors are compared under a number of inlet and suction velocity conditions. As a result, it is confirmed that the onset velocity conditions of the GE in two fluids are almost the same. Figure 4 shows the CFD domain in which the region below the free surface is modeled. In the CFD, an inlet and outlet boundaries are located at the position where velocity measurements are conducted in the experiment. Therefore, the measured velocity profiles are applied to the inlet and outlet boundaries. To show the validity of these boundary conditions, it was checked in the experiment that the temporal fluctuation of the inlet velocity profile was low regardless to the unsteady vortex behavior. In addition, it was checked in the numerical simulation that the change in the outlet velocity profile had little effect on the unsteady vortex behavior. As for the suction nozzle, a uniform pressure condition is applied to a suction outlet boundary. As mentioned in Introduction, the free surface deformation is neglected and the free surface is modeled as a free-slip wall. To all solid walls, a non-slip wall condition is applied. Figure 5 shows the CFD mesh which consists of hexahedral cells with about 5.0 mm edge length. The number of cells is about 90,000. It is evident that the mesh is rather coarse and a vortex velocity distribution cannot be resolved completely on this mesh.
CFD Condition
In this study, a commercial code FLUENT 6.2.16 is utilized and the unsteady CFD is performed. The Fluent code has been applied to the numerical simulations of the GE phenomena (4) . As for the discritization of the N-S equation, the second-order Euler scheme is applied to the unsteady term, the second-order upwind scheme is applied to the advection term and the second-order central scheme is applied to the diffusion term. To achieve the velocity-pressure coupling, the SIMPLEC algorithm is employed. In the past studies, it has been confirmed that the turbulent model can generate large viscosity near a free surface vortex and reduce the vortex strength excessively (12) . Therefore, the turbulent model is not Table 1 shows the CFD cases. The CFDs are performed under three velocity conditions for both water and sodium. It should be noted that mean outlet velocities are zero in cases Wa1 (Na1) and Wa3 (Na3). Table 2 shows the properties of each fluid, i.e. water at the temperature of 20 degrees Celsius and sodium at the temperature of 250 degrees Celsius. Each CFD is performed from zero second until 80 seconds to obtain fully developed flow fields, and then, 400 unsteady data (40 seconds with 0.1 seconds interval) are recorded for the GE evaluation. The evaluation time (40 seconds) and the interval time (0.1 seconds) are determined in consideration of the frequency of vortex development and attenuation. Table 2 Fluid property Figure 6 shows the instantaneous velocity fields of the CFD result and the experimental data (measured by the PIV technique) under the case Wa3. In this case, the working fluid is water and the inlet flow rate is equal to the suction flow rate. From the comparison of the CFD result and the experimental data, it is evident that both show a sharp decline of inlet velocity near the suction pipe. Unfortunately, the velocity field above the suction pipe is not obtained in the experiment due to a measurement limitation. However, the CFD result shows that the free surface vortex with clockwise rotation is formed in this region. The core of this free surface vortex looks similar to the experimental observation data, which is a curve from the suction mouth to the free surface. It should be noted that the instantaneous velocity fields in the cases Na1, Na2 and Na3 are similar to those in Wa1, Wa2 and Wa3. Therefore, a significant difference does not exist between two fluids at least for the free surface vortex behaviors. Based on the CFD results, the GE evaluation is conducted. In the first place, the CFD-based GE evaluation method performs the analysis of the velocity gradient tensor in all free surface cells and the existence of the vortex in a cell is decided when the following discriminant is satisfied in the cell:
Evaluation Result
where Q and R are the second and third invariant of the velocity gradient tensor, respectively. Then, the direction of the vortex center is obtained as the eigen vector of the following eigen equation:
where A is the velocity gradient tensor, E is the unit tensor and λ is the eigen value. This type of vortex detection methods can extract vortices properly from complicated flows (13) . Figure 7 shows the locations of free surface vortex generations within 40 seconds. In both cases (Wa3 and Na3), the free surface vortices are generated mainly above the suction nozzle. The vortex parameters, i.e. the circulation and the downward velocity gradient, are calculated for all these vortices as shown in Fig. 8 . Here, the circulation has its positive value when a free surface vortex rotates in counterclockwise direction. In Fig. 8 , the circulation and downward velocity gradient values are comparable in the cases Wa3 and Na3. This tendency is also observed in the comparison of the cases Wa1 and Na1, and the cases Wa2 and Na2. Therefore, the difference between the water and sodium flows is small also in terms of the calculated vortex parameters. Fig. 9 Evaluation results of GC length Figure 9 shows the evaluation results of the GC length in the cases Wa3 and Na3. Without the turbulent vortex model (TVM), the GC length in the case Na3 is two to three times larger than that in the case Wa3, even though the vortex parameters are almost the same in both cases. This tendency originated in Eq. 6 in which the GC length is proportional to the inverse of the dynamic viscosity. In fact, the molecular viscosity of water is about 2.3 times larger than that of sodium (see Table 2 ). However, in the experiment, such a very long GC is not observed in sodium, and therefore, this evaluation result is not consistent with the experimental data. On the other hand, when the turbulent vortex model is employed, the evaluated GC length in the case Na3 becomes much smaller and reaches to the GC length in the case Wa3. As described in the previous paragraph, the flow fields are almost the same in both cases, and therefore, the turbulent viscosity calculated by Eq. 8 is also the similar value in two cases. However, the reduction rate of the GC length by the turbulent vortex model is much larger in the case Na3 than the case Wa3 because the reduction rate becomes smaller with the increase in the molecular viscosity (see Eq. 10). Figure 10 shows the maximum GC length in each case. It is evident that the GC length is highly reduced (about half to 1/3) by the turbulent vortex model in the sodium cases. Thanks to the reduction, the maximum GC length in the sodium cases becomes similar to those in the corresponding water cases, e.g. the case Na1 to the case Wa1. From these evaluation results, it can be concluded that the consideration of the turbulent viscosity is necessary for the evaluation of the GC length in turbulent sodium flows. 
Conclusion
In this study, a turbulent vortex model was developed and introduced into a CFD-based GE evaluation method to evaluate the GC length accurately especially in sodium turbulent flows. The turbulent vortex model is modeled based on two kinds of unsteady vortex behaviors. One is the turbulence caused by a strong circulating flow, where the turbulent viscosity can be modeled to be proportional to the circulation of a vortex. The other is the vortex deformation caused by the translational flow. In this case, the turbulent viscosity can be modeled as the dot product of the specific vortex length and the translational velocity. The proportionality coefficients in the model are determined by the comparisons of the evaluation results and the basic experimental data. Then, as the validation of the developed turbulent viscosity model, the CFD-based GE evaluation method was applied to a simple GE experiment in which water and sodium are employed as the working fluids. As a result, the flow fields were roughly reproduced by the CFD. In addition, the CFD showed that the vortex generation behaviors and the vortex parameters were almost the same in water and sodium flows when the boundary conditions were the same. In the GC evaluation process, the turbulent vortex model worked to reduce the GC length from the GC length evaluated without the turbulent vortex model. This reduction of the GC length was much more significant in the sodium cases than that in the water cases, and the reduced GC length in the sodium cases were similar to that in the water cases. Such a correspondence was consistent with the experimentally observed data in which the difference in the GC length between the sodium cases and the water cases seemed to be small. Therefore, it was concluded that the consideration of the turbulent viscosity is necessary for the evaluation of the GC length in turbulent sodium flows.
It should be noted that the quantitative comparison between the evaluation results and experimental data in terms of the GC length and/or the frequency of the GE occurrence has not conducted yet and remains as a future work. However, an innovative measurement technique is necessary to conduct such a comparison because the measurement of the GE length and/or the frequency of the GE occurrence by present techniques is highly difficult especially in opaque sodium.
